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Abstract 43 
Purpose: To demonstrate that electro-retinograms (ERGs) which selectively reflect rod photoreceptor 44 
function can be recorded from human subjects using silent substitution (SS) stimuli without dark 45 
adaptation. Using SS stimuli we wanted to define parameter ranges for which rod responses can be 46 
optimised. 47 
Methods: Rod-isolating stimuli with sinusoidal temporal profiles were generated on a 4 primary LED 48 
ganzfeld stimulator. ERGs were recorded and subjected to Fourier analysis from which 49 
measurements of amplitude and phase of the response fundamental were extracted. In order to verify 50 
the isolation of rod function, we assessed ERGs in normal trichromats in terms of their: 1) temporal 51 
frequency response characteristics and 2) variation as a function of retinal illumination.  52 
Results: ERGs elicited by rod isolating SS stimuli were optimal for stimulation frequencies between 5 53 
– 8 Hz and retinal illuminances between 10-100 photopic Td. Under conditions of rod isolation the 54 
ERG exhibits a low-pass temporal frequency response characteristic with an upper response limit of 55 
30Hz. When rod selectivity is lost, temporal response curves become more band-pass in nature and 56 
possess higher temporal frequency response limits and reductions in ERG amplitude at high stimulus 57 
intensities point to a suppression of rod responses. 58 
Conclusions:  Rod isolating SS stimuli provide an effective method for the isolation of human rod 59 
photoreceptor function when stimuli are used within appropriate parameter ranges.  60 
Translational Relevance: Importantly, this method of rod isolation can be achieved without time 61 
consuming periods of dark adaptation and will consequently lead to the development of faster clinical 62 
electro-physiological testing protocols.  63 
 64 
 65 
 66 
 67 
 68 
 69 
  70 
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Introduction 71 
The flash electroretinogram (ERG) is an electrical response elicited from the retina in response to 72 
stimulation by light. The ERG is generated by contributions from many different retinal cells types, but 73 
with appropriate manipulation of the temporal, chromatic and luminance characteristics of the 74 
stimulus, as well as the subjects’ adaptational state, it is possible to selectively stimulate and assess 75 
the functional characteristics of specific retinal neuron populations [1,2]. The isolation of rod 76 
photoreceptor activity has long been considered important from a clinical perspective as many 77 
congenital and acquired visual disorders can differentially affect rod relative to cone function. The 78 
ability to elicit ERGs that selectively reflect the activity of rods has played a key role in the diagnosis 79 
and monitoring of conditions such as retinitis pigmentosa, congenital stationary night blindness 80 
(CSNB) and vitamin A deficiency [3-7]. In age-related macular degeneration (ARMD) some of the 81 
earliest pathological and functional changes occur in rod–mediated vision in geographically discrete 82 
regions of the retina [8]. In addition, it has been shown that in normal younger individuals who carry a 83 
high genetic risk of developing ARMD in later life exhibit subtle changes in rod-mediated mesopic 84 
vision [9]. Thus there are compelling clinical reasons for methods that selectively assess rod function 85 
in humans.  86 
 87 
The most frequently employed method of isolating rod function has centred on the use of stimuli of 88 
low light intensity after rod sensitivity has been maximised by a 20-30 minute period of dark adaption 89 
[10]. An alternative, but less frequently employed means of isolating ERGs from rods involves the 90 
method of silent substitution (SS) [11,12], based on the principle of univariance [13]. The isolation of 91 
rod photoreceptor activity requires alternation between two stimuli which contain mixtures of 92 
wavelengths at different intensities which elicit no overall change in excitation in the L-, M- and S-93 
cone classes, but do elicit changes in rod excitation. The basic rule is that the isolation of 1 out of n 94 
classes of photoreceptor requires a minimum of n primaries tuned to different wavelengths. 95 
Theoretically, any desired combination of photoreceptor excitation modulation can be achieved 96 
without changing the state of adaptation, a major advantage of this approach. With the increased 97 
commercial availability of LED ganzfeld stimulators containing at least 4-primaries, researchers now 98 
have the prospect of more precise control of ERG stimuli. This improved precision, coupled with our 99 
knowledge of cone and rod spectral characteristics, enables better control of photoreceptor excitation 100 
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[14]. Stimuli based on the SS method have already been applied in previous ERG studies of rod 101 
function [15-19]. However, despite the obvious advantages afforded by SS, there is a clear need to 102 
demonstrate that the ERGs elicited by such rod isolating stimuli do in fact selectively reflect rod 103 
function and are free from intrusions from cone photoreceptors which normally predominate at higher 104 
mesopic and photopic light levels in the non-dark adapted human retina [20,21]. 105 
 106 
The aim of this study is to demonstrate that stimuli generated using the silent substitution method 107 
enable the functional assessment of rods free from the confounding effects of cone intrusion. 108 
Specifically, we will examine ERGs obtained using rod isolating stimuli in terms of: firstly, their 109 
temporal frequency response characteristics. Rod vision has a lower temporal resolution limit than 110 
that mediated by cones [22-28]. At high scotopic levels of illumination rod temporal resolution can 111 
reach up to 28 Hz [26-28]. Cones, by comparison, can support a temporal resolution limit in excess of 112 
60 Hz [28]. We therefore wanted to exploit this difference to test the selectivity of our rod isolating 113 
stimuli. Secondly, we will assess retinal illuminance response characteristics. Rod ERGs are typically 114 
measured using low intensity stimuli at scotopic levels of illumination [29-33]. This allows the study of 115 
rod responses free from the cone intrusions which become increasingly more predominant as the 116 
stimuli increase to mesopic and photopic light levels [20,21]. However, with low intensity stimuli signal 117 
to noise ratios become an issue. The use of rod isolating SS stimuli provides, in theory, an opportunity 118 
to improve the signal to noise levels of our ERG recordings by increasing the intensity of stimuli that 119 
we use to elicit rod responses. However, the use of such stimuli which extend into mesopic and 120 
photopic light levels requires caution, particularly in the non-dark adapted eye. We have to ensure rod 121 
selectivity and minimise cone intrusions to the response and examination of the ERG response as a 122 
function of retinal illuminance will help us to gauge the extent of such intrusions.  123 
 124 
By examination of the temporal and retinal illuminance response characteristics we will assess the 125 
suitability of ERGs generated by silent substitution for the assessment of rod function in human 126 
trichromatic participants. In addition, this study will also define stimulus conditions for which rod 127 
responses can be optimised and identify parameter ranges beyond which the effects of cone intrusion 128 
can be demonstrated. This will lead to the development of rod ERG testing protocols that provide a 129 
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true measure of rod function which, in view of the fact that a period of dark adaption is no longer a 130 
prerequisite, will lead to significantly reduced clinical testing times. 131 
 132 
 133 
 134 
Methods 135 
 136 
Stimuli 137 
Sinusoidal, full-field flicker stimuli with temporal frequencies ranging between 5 – 100Hz were 138 
presented using a ColorDome (Diagnosys LLC, Lowell, MA, USA) four primary ganzfeld stimulator 139 
with blue (460 nm), green (514 nm), amber (590 nm) and red (635 nm) LEDs. The spectral 140 
characteristics, chromaticities and luminances of each class of LED were measured and calibrated 141 
using a PR650 spectrophotometer (Photo Research Inc., Chatsworth, CA, USA). In order to obtain SS 142 
stimuli photoreceptor excitations were calculated by multiplying the emission spectra of the LEDs with 143 
cone fundamentals and the V’ 10 function [34,35]. Wavelength and intensity combinations were 144 
used which produced no net excitation in three out of the four photoreceptor populations generating 145 
triple silent substitution stimuli [11,12,36,37]. Stimulus contrast was defined as the Michelson contrast 146 
of rod (or cone) excitation and was set at 0.25 for all stimuli. Retinal illuminance varied between 1 – 147 
12,000 photopic trolands (Td).
1
 148 
 149 
ERG Recording 150 
ERGs were recorded from the right eye using a silver/nylon corneal fibre electrode (Dept. of Physics 151 
and Clinical Engineering, Royal Liverpool University Hospital, UK) referenced to a 9mm Ag/AgCl 152 
electrode (Biosense Medical, Chelmsford, UK) on the outer canthus; a similar electrode was affixed to 153 
the forehead to serve as ground. Impedance was maintained below 5 kΩ. Signals were recorded 154 
using the Espion E
2 
system (Diagnosys LLC, Lowell, MA, USA) which amplified and filtered 155 
(bandwidth = 1 to 300 Hz) the ERGs and digitised them at a rate of 1000Hz. Retinal responses to the 156 
flicker stimuli were acquired over 4 sec epochs with subsequent offline analysis being performed on 157 
                                                          
1
 We have used photopic as opposed to scotopic trolands throughout the study since it would be arbitrary to 
change units when going from high to low stimulus intensities and would also confuse the examination of ERGs 
across mesopic-photopic illumination transitions. In order to convert from photopic to scotopic trolands multiply by 
a factor of 2.489 [35]. 
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an average of a minimum of 8 of these epochs. Participants viewed the stimuli monocularly with a 158 
dilated pupil (1% Tropicamide). Fixation was maintained on a central point which subtended 159 
approximately 0.5⁰. 160 
 161 
Data Analysis 162 
Following acquisition the averaged traces were subjected to a two-stage offline analysis involving 163 
firstly, resampling of the traces and then secondly, subjecting these re-sampled traces to Fourier 164 
analysis. The first stage was necessary because the Espion system samples at 1000 Hz producing 165 
4000 points over the recording epoch. In order to perform a Fast Fourier Transform (FFT) 2
n
 data 166 
points (where n = integer value) are required, so a method of interpolation was used to resample the 167 
averaged traces to give 4096 data points. The resampled traces were then imported into Signal 168 
software (version 2.16; Cambridge Electronic Design, Cambridge, UK) and subjected to a FFT. This 169 
analysis provided a measure of the amplitude and phase of the response at the stimulation frequency 170 
(i.e. the fundamental, F) as well as higher harmonics (2F). The phase values generated by the FFT 171 
can provide values that cycle in multiples of 360. In order to ‘unwrap’ these phase values we either 172 
added or subtracted multiples of 2 radians (360) in order to minimise the phase differences 173 
measured between the adjacent sampled temporal frequencies [38]. Noise (N) was defined as the 174 
mean amplitude (A) of the response at the stimulus frequency minus 1 Hz and plus 1 Hz: 175 
 176 
 N = (A(F-1Hz) + A(F+1Hz))/2       equation (1) 177 
 178 
A response was considered significant if the measured ERG amplitude was a least 2.82 times greater 179 
than the computed noise amplitude for that frequency [39].   180 
 181 
 182 
Participants 183 
A total of 7 colour normal trichromats (3 males; mean age: 28 yrs, age range: 35 yrs) participated in 184 
this study. Colour vision in all subjects was assessed using the City University Colour Test (2
nd
 185 
Edition), the Farnsworth Munsell 100 Hue test and the HMC Anomaloscope (Oculus, Wetzlar, 186 
Germany). All subjects gave informed consent prior to the commencement of the experiments which 187 
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were conducted in accordance with the Declaration of Helsinki and were approved by the University 188 
of Bradford Ethics Committee. 189 
 190 
 191 
 192 
Results 193 
Temporal Frequency Response Characteristics 194 
Figure 1 shows the variation in ERG amplitude and phase as a function of temporal frequency for a 195 
63 Td rod isolating stimulus. The data shown are the group (vector) averaged responses (n = 5) and 196 
were obtained without subjecting the participants to a period of dark adaptation beforehand. These 197 
results are similar to previous studies (e.g. [29]). The data describe a low-pass temporal function and, 198 
consistent with psychophysically obtained estimates of the temporal resolution limit of rods [26], the 199 
ERG amplitude relative to noise falls below significance between 26 and 30 Hz.   200 
 201 
 202 
Figure 1. ERG amplitude (a) and phase (b) as function of temporal frequency obtained for a 63Td rod isolating 203 
silent substitution stimulus (C=0.25). The data shown are the group (n = 5) averaged results and the thin solid 204 
lines represent +/- 1 S.D. from the mean. The thick dashed line (a) plots the measure of noise (see methods). 205 
 206 
 207 
In order to eliminate intrusions from cones, rod ERGs have typically been elicited using low intensity 208 
scotopic stimuli (e.g. [31]). To what extent does the use of SS stimuli free the experimenter from this 209 
constraint? Figure 2 shows temporal response functions obtained with rod isolating stimuli with retinal 210 
illuminances extending well into the photopic range. Increasing the retinal illuminance of stimulus up 211 
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to 120 Td decreases the response amplitude at low temporal frequencies but the limit of temporal 212 
response is similar to that obtained at 63 Td as signal amplitude relative to noise falls below 213 
significance between 26 – 30 Hz. When stimulus illuminance is increased to high photopic illumination 214 
levels (12,000 Td) the temporal response function of the ERG takes on a very different form and 215 
becomes more band-pass in appearance peaking around 30 Hz, in addition the temporal response 216 
limit extends to higher frequencies. The function in effect becomes more like the cone temporal 217 
response function [29,39] and clearly indicates a loss of rod selectivity in the ERG at these light 218 
levels.  219 
 220 
Figure 2. ERG temporal response functions obtained using rod isolating stimuli at retinal illuminances equal to 221 
63, 120 and 12000 Td. The data represent the group averaged (n = 5) data. The thick dashed line, the solid thin 222 
line and the dotted line represent the noise for 63, 120 and 12000 Td conditions, respectively. 223 
 224 
In order to examine more closely the stimulus intensity range over which the transition from rod- to 225 
cone-like temporal frequency response characteristic occurred, we measured a series of temporal 226 
response curves in four subjects. These were sampled less frequently in the temporal domain 227 
compared to the previous experiment but used a larger range of retinal illuminances (8, 63, 500, 228 
1200, 3000 & 10000 photopic trolands). The results are shown as a three dimensional plot in figure 3. 229 
The temporal functions generated by the stimuli of lower (8, 63 & 500 Trolands) and higher (1200, 230 
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3000 & 10,000 Trolands) illuminance are qualitatively very different; the former are low-pass in nature 231 
contrasting with the latter which have more band-pass shape where responses can still be obtained 232 
for frequencies greater than 30 Hz. 233 
 234 
 235 
Figure 3. ERG temporal response functions obtained using rod isolating stimuli at retinal illuminances: 8, 63, 236 
500, 1200, 3000 & 10000 photopic trolands. The data represent vector averaged group (n=4) responses.   237 
 238 
 239 
In figure 4 a measure of the temporal response limit of the ERG is plotted as a function of stimulus 240 
illuminance. This value was computed as the temporal frequency at which signal amplitude fell below 241 
the criterion for significance (i.e. 2.82 x noise amplitude). ERG temporal response functions were 242 
obtained for a single subject using rod isolating stimuli ranging from 8 Td up to 12,000 Td and the 243 
ERG temporal response limit was calculated for each condition. The resultant plot shows that at high 244 
illuminance levels (> 2000 Td) the temporal response limit of the ERG is in excess of 60 Hz – a level 245 
that is incompatible with rod function but is more in keeping with a temporal resolution limit that is 246 
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supported by the cone photoreceptors [32,33].  Below 1000 Td the temporal response limit falls to 247 
between 20-30 Hz, a value that is consistent with psychophysical measures of rod temporal 248 
properties obtained at higher scotopic illumination levels [26-28].  249 
  250 
Figure 4. The temporal response limit (see text for calculation) of the ERG elicited by a rod isolating stimulus as 251 
a function of retinal illuminance.   252 
 253 
Figure 5a shows the group (n= 5) vector averaged phase as a function of temporal frequency for 63, 254 
120 and 12000 Td stimuli. When temporal frequency steps are small these plots are useful as they 255 
can provide information about the temporal characteristics of the neuronal mechanisms that underpin 256 
the generation of the response. Specifically, the slope of the function provides a measure of what is 257 
known as apparent latency and provides a measure of response delay [40,41]. Apparent latency () is 258 
given by: 259 
 260 
   = -1/360 * (/ft)         equation   (2) 261 
 262 
Where,  is response phase and ft is the temporal frequency of the stimulation. Different slopes imply 263 
that the response is generated by mechanisms with different temporal characteristics [39]. In figure 5b 264 
the apparent latency is plotted as a function of temporal frequency for the 63, 1200 and 12000 Td ‘rod 265 
isolating’ stimuli. Each data point is calculated as the slope of a linear regression line fitted to 5 266 
adjacent data points on the phase vs temporal frequency function. The function derived from the 63 267 
Td data exhibits two distinct lobes with a transition occurring around 20 Hz. The data from the 1200 268 
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Td stimulus exhibits similar properties and suggest that the ERG responses elicited by these are 269 
generated by two separable mechanisms with different temporal response characteristics, one 270 
operating below 20 Hz the other above 20 Hz. This finding is consistent with a duality in rod mediated 271 
temporal vision that has been reported in previous psychophysical and electrophysiological studies 272 
[26,28,30,42-44]. For the 12000 Td stimuli the changes in apparent latency are less marked as a 273 
function of temporal frequency and are likely to be accounted for by a single mechanism. 274 
 275 
 276 
Figure 5.A) ERG phase as function of temporal frequency obtained for a 63, 1200 & 12000 Td rod isolating 277 
stimuli (C=0.25). The data are the group (n = 5) vector averaged data and phase is plotted only for temporal 278 
frequencies where signal was 2.82 x greater that noise. B) Apparent latency of ERGs (see methods) elicited by 279 
rod isolating stimuli of retinal illuminance equal to 63, 1200 and 12000 Td. 280 
 281 
 282 
Retinal Illuminance Response Characteristics 283 
Figure 6 shows the group averaged data where ERG amplitude measured with an 8 Hz rod isolating 284 
stimulus is plotted as a function of the retinal illuminance. ERG response amplitude increases as a 285 
function of illuminance reaching a peak between 10-100 Td where the response is significantly 286 
greater than noise. Amplitude then falls to a local minimum at 1000–2000 Td above these levels the 287 
ERG response exhibits a small increase.  288 
 289 
By way of comparison, figure 7 shows ERG amplitude as a function of retinal illuminance for an 8 Hz 290 
L-cone isolating stimulus of the same temporal frequency and with a cone contrast of 0.25. The data 291 
plotted were obtained from a subset (n=2) of the main experimental group and demonstrate that the 292 
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cone mediated response behaves very differently from that of the rod ERG. Unlike the rod mediated 293 
ERG the L-cone response exhibits an increase in response amplitude with increasing retinal 294 
illuminance showing no sign of the peak response between 10-100 Td. Another key point is that in the 295 
region where the rod response reaches its maximum the cone response barely rises above the noise 296 
levels measured for the rod response.      297 
            298 
Figure 6. ERG response amplitude for an 8 Hz sinusoidal rod isolating flicker stimulus plotted (solid line filled 299 
circles) as a function of retinal illuminance (photopic trolands). The dashed line plots the measure of noise as a 300 
function of stimulus illuminance. In the main figure the data shown are the group (n = 5) averaged data. 301 
 302 
 303 
 304 
In addition to 8Hz stimulation we also examined ERG amplitude as a function of retinal illuminance 305 
(less densely sampled) at other stimulation frequencies. Figure 8 shows the averaged data from 4 306 
subjects for rod isolated ERGs elicited by stimulation frequencies of 5, 10, 15 and 30 Hz. For all but 307 
the highest stimulation frequency the responses are similar to the 8 Hz data in that the responses all 308 
reach maximum amplitude at approximately 100 Td then decrease with increasing illuminance. The 309 
data obtained from the 30 Hz stimulus follow a different response pattern; below 1000 Td it is barely 310 
recordable above noise levels but exhibits a steady increase in amplitude with increasing retinal 311 
illuminance, similar to the L cone isolated response shown in figure 7. 312 
 313 
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 314 
Figure 7. ERG response amplitude for 8 Hz sinusoidal rod (black circles) and L-cone (red squares) isolating 315 
flicker stimuli plotted as a function of retinal illuminance (photopic trolands). The dashed lines plot the measure of 316 
noise as a function of stimulus illuminance. The data shown are averaged data from a sub-set of 2 subjects.  317 
 318 
 319 
Figure 8. ERG response amplitude sinusoidal rod isolating flicker stimuli plotted as a function of retinal 320 
illuminance (photopic trolands for stimuli of temporal frequency = 5, 10, 15, and 30 Hz. The data represent the 321 
group average from n=4 subjects.  322 
323 
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Discussion 324 
In this study we have demonstrated that using SS stimuli it is possible to elicit ERGs with response 325 
characteristics that are consistent with known properties of rod mediated vision. Rod ERGs are 326 
optimal for stimuli of temporal frequencies between 5 – 8 Hz and retinal illuminances between 10 – 327 
100 photopic trolands. Importantly, isolation of rod function can be achieved without prior dark 328 
adaptation and without the need for stimuli restricted to low scotopic light intensities. The low-pass, 329 
low resolution (< 30Hz) ERG temporal frequency response functions generated by rod isolating stimuli 330 
constitute a key piece of evidence supporting the fact that SS stimuli provide a selective assay of rod 331 
mediated visual function [29]. Importantly, our measures of the temporal response limit of the rod 332 
ERG are consistent with psychophysical measures of rod function obtained at high scotopic light 333 
levels [26,27].  Whilst this functional selectivity for rods is maintained for ERG responses elicited by 334 
SS stimuli at mesopic and low photopic intensity levels, it is absent at levels of retinal illumination 335 
greater than 1000 Td. Above this level ERG temporal frequency response curves take on a more 336 
band-pass form and responses can be elicited by stimuli of frequencies in excess of 60Hz. Such 337 
properties are incompatible with rod function are more consistent with their mediation by cone 338 
photoreceptors [28,29] and indicate that ERGs elicited beyond this parameter range are no longer rod 339 
selective.   340 
 341 
A number of studies have demonstrated the existence of separate pathways for the transmission of 342 
temporal information by rods (see: [44] for a review). The existence of these pathways has been 343 
revealed by changes in the temporal resolution of the rod system with increasing stimulus intensity as 344 
well as phase dependent interactions observed in both psychophysical and electrophysiological 345 
experiments [20,26-29,42-45]. These multiple processing pathways are based on the fact that rod 346 
signals have at least two, but probably more (see [47]), routes via which they can pass from outer to 347 
inner retina [48]. One route is via rod bipolar cells to AII amacrine cells [49-51]. This forms the so-348 
called ‘slow’ rod pathway which operates over scotopic levels of illumination. A ‘fast’ rod pathway, 349 
which operates at higher intensity levels, is thought to be mediated anatomically by gap junctions 350 
which allow the passage of rod signals directly to cones and then via cone bipolar cells to ganglion 351 
cells [50,52-55]. A key question is whether ERGs elicited by SS stimuli show evidence of similar 352 
temporal mechanisms? Examination of the apparent latency data (figure 5) would indicate that this is 353 
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indeed the case. The plots of apparent latency versus temporal frequency exhibit distinct lobes for low 354 
intensity rod isolating stimuli, indicating the existence of multiple generators of the ERG response with 355 
different temporal characteristics. Furthermore, an important transitional region between one 356 
mechanism and the other occurs between 15-20 Hz. This is consistent with psychophysical studies 357 
where the measurements of critical fusion frequency versus intensity also show this to be a key region 358 
in the transfer from slow to fast rod pathways [44,46]. ERGs generated by more intense stimuli show 359 
no evidence of this bimodality, indicating that only a single, faster pathway is responsible for the 360 
generation of such responses. 361 
 362 
Figure 9. Left hand column – ERG amplitude as a function of stimulus intensity recorded from rod monochromats 363 
(upper left panel) and CSNB patients (lower left panel). These data are replotted from Bijveld et al., (2011) [33] 364 
and were generated using 15 Hz flickering white light stimuli of low scotopic intensity. Right hand column – ERGs 365 
recorded from normal trichromats in this study which were elicited using an 8Hz flickering rod isolating stimulus 366 
(upper right panel) and an 8 Hz L-cone isolating stimulus (lower right panel).     367 
 368 
 369 
Previous studies that have employed SS to generate rod isolating stimuli have found that rod function 370 
can be assessed over a wider range of stimulus intensities than that which might be expected using 371 
non-isolating flash stimuli [17,18]. However, with the prospect of potentially larger signals derived from 372 
more intense stimuli, comes the need for re-assurance that despite the use of stimulus intensities that 373 
extend well beyond the scotopic range, rod selectively is maintained and is free from confounding 374 
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contributions from cones. Hence the emphasis in this study has been on defining parameter 375 
boundaries within which we can be confident about the selective stimulation of rod function. Our data 376 
show that rod isolating SS stimuli generate ERGs that rise to a maximum amplitude between 10-100 377 
Td then decrease with increasing stimulus intensity. This ‘band-pass’ shaped function is similar to rod 378 
ERG amplitude versus intensity functions obtained in previous studies that have used either low 379 
intensity (scotopic) stimuli [32,33] or rod isolating SS stimuli [18] in dark adapted participants. For 380 
comparison, in figure 9 we have re-plotted rod ERG amplitude versus intensity functions obtained by 381 
Bijveld and colleagues. Using a 15 Hz flickering stimulus they measured ERGs in patients with either 382 
absent or reduced cone function (rod monochromats) or defective rod pathways (CSNB) [32,33]. 383 
Alongside these data we show 8 Hz amplitude versus intensity functions obtained in this study for rod- 384 
and L-cone isolating stimuli.  385 
 386 
There are clear qualitative similarities between the different datasets. Importantly, the band-pass 387 
amplitude versus intensity function for the ERG obtained using rod isolating SS stimuli can be directly 388 
linked to rod activity on the basis that a similarly shaped response function is evident in ERG 389 
recordings from rod monochromats [17,32,33]. Rod ERGs obtained within this optimal intensity region 390 
are purported to reflect the activity of the fast rod pathway [5, 32,33]. At higher illuminance levels our 391 
data show a reduction in rod ERG amplitude where responses fall to a minimum around 1000 Td. 392 
This minimum at higher intensities has been attributed to destructive interference between rod and 393 
cone signals [32,33,42-44]. The data from CSNB patients (who have dysfunctional rod signalling 394 
pathways) and normal trichromats using L-cone isolating ERG responses, show that cone responses 395 
behave in a different manner, clearly increasing in amplitude with increasing stimulus intensity. At 396 
higher intensities the temporal frequency response functions of the SS rod ERGs become more 397 
‘cone-like’ in terms of their properties – i.e. they take on a more temporally band-pass form and 398 
support high (> 60 Hz) temporal response limits. This increase in cone activation to ostensibly rod 399 
isolating stimuli may arise from a number of possible sources. Firstly, the anatomy of the rod 400 
signalling pathway itself provides multiple points of contact between the rod and cone systems. 401 
Studies have demonstrated a high degree of complexity in the extent to which rod signals can gain 402 
access to cone signalling pathways via direct photoreceptor coupling as well as via multiple 403 
connective pathways that are found in the inner retinal layers [47,51]. The increases observed in the 404 
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ERG amplitude at the high stimulus intensities could in theory be mediated by any of these pathways. 405 
Secondly, increased cone contributions at high stimulus intensities could be the result of small 406 
departures from complete rod isolation by our stimuli. Such departures from isolation could arise as a 407 
result of inter-individual variations in photoreceptor fundamentals and as well as differences in pre-408 
retinal absorption characteristics [14]. 409 
 410 
Our results using rod isolating SS stimuli indicate that maximum amplitude rod ERGs are generated 411 
by stimuli between 10-100 Td. The reduction in rod ERG amplitude for stimuli above 100 Td is 412 
interesting because it coincides with illumination levels over which rod saturation begins [56,20]. 413 
Earlier studies have referred to this as ‘rod insensitivity’ at higher intensities [18]. But what is the 414 
mechanism for this reduction? In view of the fact that rods saturate [57], the expectation might have 415 
been that responses would remain at an asymptotic level rather than decrease. Previously, observed 416 
decreases in flicker ERG amplitude with increasing stimulus intensity have been accurately modelled 417 
on the basis of destructive interference and cancellation between rod and cone signals that are 418 
delayed with respect to one another [42-44]. Such interactions have been clearly demonstrated when 419 
ERGs have been elicited using non-isolating luminance flicker stimuli [30]. However, with the use of 420 
SS stimuli to isolate rod function, the extent of cone modulation should be minimal (notwithstanding 421 
the possibility of residual modulation of cones – see above). Thus the potential for interference 422 
between rod and cone signals is likely to be reduced for SS stimuli. Furthermore, the decrease in rod 423 
ERG for stimuli > 10-100 Td is observed at all the temporal frequencies that we have tested (see 424 
figure 8). Stimulus frequencies at and around 7.5Hz are important for revealing interactions between 425 
rods and cones because at this frequency the delay between rod and cone signals (66 ms) produces 426 
a 180 difference in phase between the rod and cone mediated responses, leading to almost 427 
complete cancellation between the two signals [42-44]. However, at higher and lower temporal 428 
frequencies there should be constructive interference between the two signals which should augment 429 
the ERG signal. Figure 8 shows that below 30Hz, decreases in rod ERG amplitude occur regardless 430 
of the stimulation frequency suggesting that another mechanism must be responsible for this rod 431 
insensitivity at high illuminance levels. One possibility is that this decrease in rod ERG amplitude is 432 
the result of a generalised suppression of rod activity that occurs abruptly with increasing illumination. 433 
Such a mechanism has been described in the mouse retina where a retinal circuit has been described 434 
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which mediates rapid switching from rod to cone mediated vision at illumination levels where cone 435 
bipolars become activated [58]. We speculate that a similar suppression of rod function may also exist 436 
in the human retina and that the decreases in rod ERG amplitude that occur at high light intensities, 437 
regardless of the temporal frequency, may constitute a non-invasive electrophysiological correlate of 438 
this suppression in humans. 439 
 440 
In conclusion, our data demonstrate that it is possible to elicit ERGs with response characteristics that 441 
are consistent with known properties of rod mediated vision using silent substitution stimuli. Rod 442 
ERGs are optimal for stimuli of temporal frequencies between 5 – 8 Hz and retinal illuminances 443 
between 10 – 100 photopic trolands. Importantly, from a clinical perspective such stimuli provide an 444 
opportunity for the assessment of human rod function without the need for subjects having to undergo 445 
time-consuming periods of dark adaptation, offering the prospect of more time-efficient testing 446 
protocols.   447 
 448 
 449 
 450 
 451 
 452 
 453 
 454 
 455 
 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
Acknowledgements 464 
 465 
NRAP’s participation was facilitated by the Manchester Biomedical Research Centre and the Greater 466 
Manchester Comprehensive Local Research Network. JK is supported by Deutsche 467 
Forschungsgemeinschaft (DFG) (KR1317/13-1) and Bundesministerium für Bildung und Forschung 468 
(BMBF) (01DN14009).    469 
19 
 
References 470 
 471 
[1]  Kremers J, Link B. Electroretinographic responses that may reflect activity of parvo- and 472 
magnocellular post-receptoral visual pathways. J Vis. 2008;8(15):1-14. 473 
 474 
[2]   Parry NR, Murray IJ, Panorgias A, McKeefry DJ, Lee BB, Kremers J. Simultaneous chromatic 475 
and luminance human electroretinogram responses. J Physiol. 2012; 590(13):3141-3154. 476 
[3]  Berson EL, Gouras P, Gunkel RD, Myrianthopoulos NC. Rod and cone responses in sex-linked 477 
retinitis pigmentosa. Arch Ophthalmol. 1969;81:215–225. 478 
[4]  Berson EL, Gouras P, Gunkel RD. Rod responses in retinitis pigmentosa, dominantly inherited. 479 
Arch Ophthalmol. 1968; 80:58–67. 480 
[5] Scholl HPN,  Langrova, H, Weber BH, Zrenner E, Apfelstedt-Sylla E. Clinical electrophysiology of 481 
two rod pathways: normative values and clinical application. Graefes Arch Clin Exp Ophthalmol. 482 
2001;239(2):71–80. 483 
[6] Perlman I, Barzilai D, Haim T, Schramek  A. Night vision in a case of vitamin A deficiency due to 484 
malabsorption. Br. J. Ophthalmol. 1983;67:37–42. 485 
[7] Petzold A, Plant GT. Clinical disorders affecting mesopic vision. Ophthal Physiol Opt. 486 
2006;26(3):326–341. 487 
[8] Owsley C, Jackson GR, Cideciyan AV, Huang Y, Fine SL, Ho  A, Maguire MG, Lolley V, 488 
Jacobson SG. Psychophysical Evidence for Rod Vulnerability in Age-Related Macular 489 
Degeneration. Invest Ophthalmol Vis Sci. 2000;41:267-273. 490 
[9] Feigl B,Cao D, Morris CP, Zele AJ.Persons with age-related maculopathy risk genotypes and 491 
clinically normal eyes have reduced mesopic vision. Invest Ophthalmol Vis Sci. 2011;52:1145–492 
1150. 493 
[10]  Marmor M, Fulton AB, Holder GE, Miyake Y, Brigell M, Bach, M. ISCEV Standard for full-field 494 
clinical electroretinography (2008 update). Doc Ophthalmol.  2009;118(1):69-77. 495 
[11] Estevez O, Spekreijse H. Spectral compensation method for determining flicker characteristics of 496 
human color mechanisms. Vis Res. 1974;14(9):823-830. 497 
[12] Estevez O, Spekreijse H. The "silent substitution" method in visual research. Vis Res, 498 
1982;22(6):681-91. 499 
[13] Rushton WA. Pigments and signals in colour vision.  J Physiol. 1972; 220(3):1P–31P. 500 
[14] Kremers J. The assessment of L- and M-cone specific electroretinographical signals in the 501 
normal and abnormal human retina. Prog Ret Eye Res. 2003;22(5):579-605. 502 
[15] Kremers J, Czop D, Link B. Rod and S-cone driven ERG signals at High retinal illuminances. Doc 503 
Ophthalmol. 2009;118:205–216. 504 
[16] Cao D, Pokorny J, Grassi MA. Isolated mesopic rod and cone electroretinograms realized with a 505 
four-primary method. Doc Ophthalmol. 2011;123(1):29-41. 506 
[17] Kremers J, Pangeni G. Electroretinographic responses to photoreceptor specific sine wave 507 
modulation. J Opt Soc Am A Opt Image Sci Vis  2012;29(2):A306–A313 508 
 509 
20 
 
[18] Park JC, Cao D, Collison FT, Fishman GA, McAnany JJ. Rod and cone contributions to the dark 510 
adapted 15 Hz flicker electroretinogram. Doc Ophthalmol. 2015;130:111-119. 511 
[19]  McAnany JJ, Park JC, Cao D. Rod- and cone-isolated flicker electroretinograms and their 512 
response summation characteristics. Vis Neurosci, 2015;32:E018.  513 
[20] Stockman A, Sharpe LT. Into the twilight zone: the complexities of mesopic vision and luminous 514 
efficiency. Ophthalmic Physiol Opt. 2006;26(3):225–239. 515 
[21] Zele AJ, Cao D. Vision under mesopic and scotopic illumination. Front Psychol. 2015; 5:1594- . 516 
[22] Ives HE. Critical frequency relations in scotopic vision. Journal of the Optical Society of America 517 
and Rev of Scientific Instruments. 1922;6:254-268. 518 
[23] Hecht S, Shlaer S. Intermittent stimulation by light. V. The relation between intensity and cortical 519 
frequency for different parts of the spectrum. J Gen Physiol. 1936;19:965-979. 520 
[24] MacLeod DIA. Rods cancel cones in flicker. Nature, London, 1972; 235:173-174. 521 
[25] Odom JV, Reits D, Burgers N, Riemslag FC. Flicker electroretinograms - a systems analytic 522 
approach. Optom Vis Sci. 1992;69:106–116. 523 
[26]  Conner JD, MacLeod DIA. Rod photoreceptors detect rapid flicker. Science, 1977;195:698-699. 524 
[27] Conner JD. The temporal properties of rod vision. J Physiol. 1982;332:139–155 525 
[28] Hess RF, Nordby K. Spatial and temporal limits of vision in the achromat. J 526 
Physiol.1986;371:365-385. 527 
[29] Gouras P, Gunkel RD. The frequency response of normal, rod achromat and nyctalope ERGs to 528 
sinusoidal monochromatic light stimulation.  Doc Ophthalmol. 1964;18:137-150. 529 
[30] Stockman A, Sharpe LT, Ruther K, Nordby K. Two signals in the human rod visual system: a 530 
model based on electrophysiological data. Vis Neurosci. 1995;12(5):951–970. 531 
[31]  Scholl HPN, Kremers J. Electroretinograms in s-cone monochromacy using s-cone and rod 532 
isolating stimuli.Color Res Appl. 2001;26:S136–S139 533 
[32] Bijveld MMC, Kappers AML, Riemslag FCC, Hoeben FP, Vrijling ACL, van Genderen MM. An 534 
extended 15 Hz ERG protocol (1): the contributions of primary and secondary rod pathways and 535 
the cone pathway. Doc Ophthalmol. 2011;123(3):149–159. 536 
[33] Bijveld MM, Riemslag FC, Kappers AM, Hoeben FP, van Genderen MM. An extended 15 Hz erg 537 
protocol (2): data of normal subjects and patients with achromatopsia, csnb1 and csnb2. Doc 538 
Ophthalmol. 2011;123(3):161–172. 539 
[34] Stockman A, MacLeod DI Johnson NE. Spectral sensitivities of the human cones. J Opt Soc Am 540 
A Opt Image Sci Vis. 1993;10(12):2491-2521. 541 
[35] Wyszecki G, Stiles WS. Color Science; Concepts and Methods, Quantitative Data and Formulae 542 
2
nd
 Edition, (Wiley, New York, 1982). 543 
[36]  Shapiro AG, Pokorny J, Smith VC. Cone-rod receptor spaces with illustrations that use CRT 544 
phosphor and light-emitting-diode spectra. J Opt Soc Am A Opt Image Sci Vis. 545 
1996;13(12):2319-2328. 546 
21 
 
[37] Strasburger H. The analysis of steady state evoked potentials revisited. Clin Vis Sci. 1987;1:245-547 
256. 548 
[38] Meigen T, Bach M. On the statistical significance of electrophysiological steady-state responses. 549 
Doc Ophthalmol. 1999;98(3):207–232. 550 
 551 
[39] Kommanapalli D, Murray IJ, Kremers JJ, Parry NRA & McKeefry D. Temporal characteristics of L 552 
and M-cone isolated steady-state ERGs. J Opt Soc Am A Opt Image Sci Vis. 2014;31: A113-553 
120.56.   554 
[40] Van Der Tweel LH, Lunel HF. Human visual responses to sinusoidally modulated light. 555 
Electroenceph Clin. Neurophysiol. 1965;18:587–598. 556 
[41] Regan D. Some characteristics of average steady-state and transient responses evoked by 557 
modulated light,” Electroenceph Clin. Neurophysiol. 1966;20:238–248. 558 
[42] Stockman A, Sharpe LT, Zrenner E, Nordby K. Slow and fast pathways in the human rod visual 559 
system: electrophysiology and psychophysics. J Opt Soc Am A Opt Image Sci Vis. 1991;8(10): 560 
1657–1665. 561 
[43] Sharpe LT, Stockman A, MacLeod DIA. Rod flicker perception: scotopic duality, phase lags and 562 
destructive interference. Vis Res. 1989;29(11):1539–1559 563 
[44] Sharpe LT, Stockman A. Rod pathways: the importance of seeing nothing. Trends Neurosci. 564 
1999;22(11):497–504 565 
[45] Hecht S, Shlaer S, Smith EL, Haig C, Peskin JC. The visual functions of the complete color-blind. 566 
J Gen Physiol. 1948;31:459-472. 567 
 [46] Hess RF, Nordby K..Spatial and temporal properties of human rod vision in the achromat. J. 568 
Physiol. 1986; 371, 387–406. 569 
[47] Volgyi B, Deans MR, Paul DL, Bloomfield SA. Convergence and Segregation of the Multiple Rod 570 
Pathways in Mammalian Retina. J. Neurosci, 2004;24(49):11182–11192 571 
[48] Bloomfield SA, Miller RF. A physiological and morphological study of the horizontal cell types in 572 
the rabbit retina. J Comp Neurol. 1982;208:288–303. 573 
[49] Famiglietti EV, Kolb H. A bistratified amacrine cell and synaptic circuitry in the inner plexiform 574 
layer of the retina. Brain Res. 1975;84:293–300. 575 
[50] Dacheux RF, Raviola E. The rod pathway in the rabbit retina: a depolarizing bipolar and 576 
amacrine cell. J Neurosci. 1986;6:331–345. 577 
[51] Demb JB, Singer JH. Intrinsic properties and functional circuitry of the AII amacrine cell. Vis 578 
Neurosci. 2012;29:51-60. 579 
[52] Raviola E, Gilula NB. Gap junctions between photoreceptor cells in the vertebrate retina. Proc 580 
Natl Acad Sci USA. 1973;70:1677–1681. 581 
[53] Nelson R. Cat cones have rod input: a comparison of response properties of cones and 582 
horizontal cell bodies in the retina of the cat. J Comp Neurol. 1977;172:109 –136. 583 
[54] Bloomfield SA, Miller RF. A physiological and morphological study of the horizontal cell types of 584 
the rabbit retina. J Comp Neurol. 1982;208(3):288-303 585 
 586 
22 
 
[55] Schneeweis DM, Schnapf JL. Photovoltages of rods and cones in the macaque retina. Science 587 
1995;268:1053–1056. 588 
 589 
[56] Hood DC, Finkelstein MA. Sensitivity to light. In: Handbook of Perception and Human 590 
Performance, Vol. 1 (eds K. Boff, L. Kaufman and J. Thomas), New York, Wiley, 1986;5-1–5-66. 591 
[57] Aguilar M, Stiles W. Saturation of the rod mechanism of the retina at high levels of stimulation. J 592 
Mod Opt. 1954;1(1):59-65. 593 
[58] Farrow K, Teixeira M, Szikra T, Viney TJ, Balint K, Yonehara K, Roska B. Ambient illumination 594 
toggles a neuronal circuit switch in the retina and visual perception at cone threshold. Neuron, 595 
2013;78:1-14. 596 
